L eukemia stem cells contribute to drug-resistance and relapse in chronic myeloid leukemia (CML) and BCR-ABL1 inhibitor monotherapy fails to eliminate these cells, thereby necessitating alternate therapeutic strategies for patients CML. The peroxisome proliferator-activated receptorγ (PPARγ) agonist pioglitazone downregulates signal transducer and activator of transcription 5 (STAT5) and in combination with imatinib induces complete molecular response in imatinib-refractory patients by eroding leukemia stem cells. Thiazolidinediones such as pioglitazone are, however, associated with severe side effects. To identify alternate therapeutic strategies for CML we screened Food and Drug Administration-approved drugs in K562 cells and identified the leprosy drug clofazimine as an inhibitor of viability of these cells. Here we show that clofazimine induced apoptosis of blood mononuclear cells derived from patients with CML, with a particularly robust effect in imatinib-resistant cells. Clofazimine also induced apoptosis of CD34 + 38progenitors and quiescent CD34 + cells from CML patients but not of hematopoietic progenitor cells from healthy donors. Mechanistic evaluation revealed that clofazimine, via physical interaction with PPARγ, induced nuclear factor kB-p65 proteasomal degradation, which led to sequential myeloblastoma oncoprotein and peroxiredoxin 1 downregulation and concomitant induction of reactive oxygen species-mediated apoptosis. Clofazimine also suppressed STAT5 expression and consequently downregulated stem cell maintenance factors hypoxia-inducible factor-1α and -2α and Cbp/P300 interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (CITED2). Combining imatinib with clofazimine caused a far superior synergy than that with pioglitazone, with clofazimine reducing the half maximal inhibitory concentration (IC 50 ) of imatinib by >4 logs and remarkably eroding quiescent CD34 + cells. In a K562 xenograft study clofazimine and imatinib co-treatment showed more robust efficacy than the individual treatments. We propose clinical evaluation of clofazimine in imatinibrefractory CML.
Introduction
The therapy of chronic myeloid leukemia (CML) has seen tremendous advances following the discovery of imatinib and other BCR-ABL1 tyrosine kinase inhibitors. However, complete molecular response, defined as undetectable BCR-ABL1 transcripts, is not achieved in the majority of patients. 1 Resistance to tyrosine kinase inhibitors may occur due to BCR-ABL1 mutations; however, in approximately 50% of the cases BCR-ABL1-independent mechanisms, including tyrosine kinase inhibitorrefractory leukemia stem cells (LSC), contribute to resistance and recurrence. 1 Therefore therapeutic approaches capable of overcoming resistance to tyrosine kinase inhibitors are needed. Peroxisome proliferator-activated receptor-g (PPARg) agonists, pioglitazone in particular, were reported to erode quiescent LSC by targeting signal transducer and activator of transcription 5 (STAT5) expression. 1, 2 Unfortunately, pioglitazone increases the risk of bladder cancer. 3 Although rosiglitazone has not been found to increase the incidence of bladder cancer, it is associated with severe cardiovascular risks. 4 To identify new therapeutic strategies we screened 800 Food amd Drug Administration-approved drugs for their anti-CML efficacy in the K562 cell line and identified clofazimine as a potent inhibitor of viability. Clofazimine, a riminophenazine leprosy drug, is also effective against multidrug-resistant tuberculosis 5 and imparts its anti-bacterial actions by generating reactive oxygen species (ROS), particularly superoxides and hydrogen peroxide (H 2 O 2 ). 6 Clofazimine also displays anti-inflammatory properties that are important for its suppression of leprosy-associated immune reactions. 6 Additionally, clofazimine was shown to be effective against various autoimmune diseases, including discoid lupus erythematosus, Crohn disease, ulcerative colitis, psoriasis, Meischer granuloma and graft-versus-host disease. 7 Clofazimine is reported to exert its immunomodulatory activities by blocking KV1.3 voltage-gated potassium channels 7 and thereby inhibiting chronic lymphocytic leukemia cells. 8, 9 Here we report the anti-CML efficacy of clofazimine in cells lacking KV1. 3, 8, 10 and show that clofazimine exerted its effects by binding to PPARg. Clofazimine not only suppressed STAT5 expression by modulating PPARg transcriptional activity but also regulated a novel signaling cascade by increasing PPARg-mediated p65 nuclear factor kappa B (NFκB) degradation, which caused transcriptional downregulation of cellular myeloblastoma oncoprotein (MYB), leading to suppression of peroxiredoxin 1 (PRDX1) expression and consequent induction of ROS-mediated apoptosis and differentiation.
Methods

Cell lines and human primary cells
K562 (CCL-243), HL-60 (CCL-240), U937 (CRL-1593.2), and HEK-293 (CRL-1573) cells were from the American Type Culture Collection (ATCC; Manassas, VA, USA) and were maintained as per ATCC instructions. Peripheral blood samples were obtained from BCR-ABL1 + CML patients (newly diagnosed, imatinib-resistant and imatinib responders), and healthy donors from King George's Medical University (Clinical Hematology and Medical Oncology Division, Lucknow, India) following ethical approval (approval n. 1638/R. Cell-12) as per institutional ethical guidelines after written consent (patients' details in Online Supplementary  Table S1 ). Peripheral blood mononuclear cells were isolated on a Percoll (Sigma) density gradient by centrifugation. All analyses of peripheral blood mononuclear cells were conducted on gated mononuclear cells excluding lymphocytes.
Other methods
Chemicals, antibodies, plasmid information and experimental procedures are detailed in the Online Supplementary Methods.
Statistical analysis
Data are expressed as the mean ± standard error of mean of three independent experiments, unless otherwise indicated. Statistical analyses were performed using GraphPad Prism 5.0. An unpaired two-tailed Student t-test or Mann-Whitney U test was used to compare two groups. Equality of variances was assessed by the F-test. Statistical analyses involving more than two groups were performed by one-or two-way analysis of variance followed by the Bonferroni post-test, or Kruskal-Wallis test followed by the Dunn test. For intra-group variances, we used the Levene median test (equal sample size; using XLSTAT) or Bartlett test (unequal sample size). P<0.05 was accepted as statistically significant.
Results
Clofazimine induces apoptosis and differentiation in chronic myeloid leukemia cells
In a screening in K562 cells, we identified clofazimine as a potent inhibitor of viability. Clofazimine has been reported to induce cytotoxicity by targeting KV1.3. [7] [8] [9] Intriguingly, although K562 does not express KV1.3 8, 10 (Online Supplementary Figure S1A ), clofazimine reduced the viability of these cells with a pharmacologically relevant half maximal inhibitory concentration (IC 50 ) of 5.85 mM ( Figure 1A ). The human plasma C max of clofazimine is 0.4-4 mg/L, equivalent to 0.84-8.4 mM. 6, [11] [12] [13] The loss of viability was due to apoptosis, as demonstrated by annexin V staining ( Figure 1B , Online Supplementary Figure S1B ), poly (ADP-ribose) polymerase (PARP) cleavage ( Figure 1C ) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (Online Supplementary Figure S1C ). Clofazimine induced cytochrome C release and activated caspase -3 and -9 but not -8 ( Figure 1D ), suggesting mitochondria-mediated apoptosis, which was consistent with decreased B-cell lymphoma 2 (BCL-2) and increased BAX expression ( Figure 1D ). Clofazimine also induced apoptosis in peripheral blood mononuclear cells from patients with chronic phase CML (CP-CML cells; one newly diagnosed patient was in accelerated phase, one imatinibresponder was in blast crisis) with an efficacy similar to that of cells from patients with newly diagnosed CML and imatinib-responders but higher than that of imatinib and dasatinib in imatinib-resistant cells, while it did not affect healthy donor cells ( Figure 1E , Online Supplementary Figure  S1D ). Among the 21 imatinib-resistant patients ( Figure  1E ), seven harbored the following BCR-ABL1 mutations; M244V (n=1), Y253H (n=2), M351T (n=3) and F359V (n=1); clofazimine showed efficacy in all cases ( Figure 1F ; upper panel). A separate analysis of apoptosis in imatinibresistant patients without BCR-ABL1 mutations (from Figure 1E ) also showed significant clofazimine-induced apoptosis (n=6: vehicle, imatinib, clofazimine; n=5; dasatinib. Figure 1F ; lower panel), indicating that clofazimine-induced apoptosis in imatinib-resistant cells is independent of BCR-ABL1 mutations.
We next assessed whether clofazimine inhibited LSC. Increased aldehyde dehydrogenase activity is a hallmark of cancer stem cells 14 and clofazimine reduced it in imatinib-resistant CP-CML cells at par with the positive control salinomycin ( Figure 1G , Online Supplementary Figure  S2A ). Clofazimine also reduced colony formation in CML CD34 + cells ( Figure 1H , Online Supplementary Figure S2C ). To further confirm its anti-LSC efficacy we treated purified CML CD34 + cells with clofazimine and analyzed them by CD34 or annexin V staining. Clofazimine reduced the CD34 + population and induced apoptosis in these cells ( Figure 1I , Online Supplementary Figure S2B ). Treating CML CD34 + cells with clofazimine and analyzing them by CD34, CD38 and annexin V co-staining revealed that clofazimine induced apoptosis in both committed CD34 + 38 + and primitive CD34 + 38progenitor cells ( Figure 1J ). Clofazimine however, caused <5% loss in viability and no apoptosis in hematopoietic progenitor cells from healthy donors ( Figure 1K , L, Online Supplementary Figure S2D ) indicating that it specifically targets LSC. Clofazimine's effects in CML CD34 + cells were not routed through KV1.3 as KV1.3 transcript was undetectable in CD34 + -enriched CP-CML cells (n=7; Online Supplementary Figure S3 ).
We next investigated whether clofazimine induced differentiation at sub-lethal concentrations. In K562 cells that predominantly undergo erythroid or megakaryocytic differentiation upon various stimuli, clofazimine induced a megakaryocyte-like phenotype characterized by increased cellular size, nuclear to cytoplasmic ratio, vacuolation, and lobulated nuclei (Online Supplementary Figure S4A ). Consistently, clofazimine increased megakaryocytic surface markers CD61 and CD41 in K562 (Online Supplementary Figure S4B -D) and CML (one newly diagnosed patient was in accelerated phase, one imatinibresistant patient was in blast crisis) cells ( Figure 1M , Online Supplementary Figure S4E -F). Clofazimine treatment in CML CD34 + cells followed by May-Grünwald-Giemsa staining revealed increased monocyte-like morphology ( Figure 1N , Online Supplementary Figure S4G ). Concurrently, expression of the monocyte/macrophage differentiation marker CD11b was increased in clofazimine-treated CD34 + cells ( Figure 1O , Online Supplementary Figure S4H ). Furthermore, clofazimine also induced CD61 in CD34 + cells ( Figure 1P , Online Supplementary Figure S4H ).
Apoptosis-and differentiation-inducing effects of clofazimine are associated with enhanced reactive oxygen species and decreased PRDX1 expression
We next asked how clofazimine exerts its action and decided to address its differentiation-inducing activity first. Megakaryocytic differentiation in K562 cells is typically associated with prolonged extracellular signal-regu- Figure S2A ). (H) CFZ reduces the number of colony-forming cells in soft agar (images in Online Supplementary Figure S2C ; imatinib 1 mM, CFZ 2.5 mM). (continued on next page) lated kinase (ERK) activation. 15, 16 Interestingly, mitogenactivated protein kinase (MAPK) kinase inhibitor U0126 failed to inhibit clofazimine but not phorbol myristate acetate (PMA)-induced CD41 expression ( Figure 2A , Online Supplementary Figure S5A ). Consistently, PMA but not clofazimine induced ERK phosphorylation in K562 cells ( Figure 2B ). Apart from ERK, ROS induces megakaryocytic differentiation [17] [18] [19] and determination of cellular ROS revealed that clofazimine significantly enhanced ROS production from 12 h onwards ( Figure 2C , Online Supplementary Figure S5B ). Clofazimine also enhanced mitochondrial superoxide ( Figure 2D , E) and H 2 O 2 ( Figure  2F ) and caused mitochondrial membrane depolarization ( Figure 2G , Online Supplementary Figure S5C ). Co-treatment with ROS scavengers and inhibitors revealed that α-tocopherol, which interacts with superoxides 20 and also blocks H 2 O 2 and peroxynitrite-mediated toxicity, [21] [22] [23] completely abrogated clofazimine-induced cell death while the ROS scavenger N-acetyl-L-cysteine and H 2 O 2 decomposer catalase had lesser but significant effects, and the mitochondrial complex inhibitors rotenone and antimycin and the NADPH oxidase inhibitor diphenyleneiodonium were ineffective ( Figure 2H ). α-tocopherol also inhibited clofazimine-induced CD41 and CD61 expression ( Figure  2I , Online Supplementary Figure S5D -F). These results indicate that clofazimine induced ROS-dependent cell death and differentiation. Cancer cells, including cancer stem cells, display high levels of ROS coupled with increased antioxidants that help them detoxify ROS. [24] [25] [26] [27] We thus investigated whether (I) CD34 + cells from imatinib-resistant patients were isolated using a CD34 microbead kit (Miltenyi Biotech) and were treated with 5 mM CFZ or salinomycin for 48 h. Cells were then divided into two groups. One group was assessed by immunostaining for CD34 and the other group was stained with annexin V/PI and the cells were then analyzed by flow cytometry (dot plots in Online Supplementary Figure S2B ). Evaluation of peroxiredoxin thioperoxidases, which catalyze reduction of peroxynitrite, H 2 O 2 and organic hydroperoxides 24, 28 revealed that clofazimine reduced PRDX1 expression at 12 h ( Figure 2J ) which coincided with clofazimine-induced ROS production ( Figure 2C ). Clofazimine also reduced PRDX3 (24 h), PRDX2 and PRDX5 (48 h) but not PRDX4 and PRDX6 ( Figure 2J ). Clofazimine suppressed cytosolic superoxide dismutase SOD1 (24 h onwards) but not mitochondrial SOD2 expression ( Figure 2J ). Nuclear factor erythroid 2 like 2 (NFE2L2), which regulates expression of various cytoprotective and multidrug resistant proteins, 29 was also downregulated by clofazimine (24 h onwards; Figure 2J ). Clofazimine did not alter catalase expression ( Figure 2J ). Since suppression of PRDX1 expression was the most proximal event observed ( Figure 2J ), we studied it in detail. Clofazimine suppressed PRDX1 mRNA in K562 cells as early as 6 h ( Figure 2K ; quantitative real-time polymerase chain reaction primer sequences are listed in Online Supplementary Table S2 ) indicating that clofazimine may regulate the PRDX1 promoter. We thus assessed clofazimine's effect in HEK-293 cells transfected with a PRDX1 promoter-driven luciferase reporter (PRDX1-luc; -1065-+83) or an empty reporter and found that clofazimine specifically repressed the PRDX1-luc ( Figure 2L ), confirming that it modulates the PRDX1 promoter. Figure  2L also indicates that factor(s) responsible for clofaziminemediated downregulation of the PRDX1 promoter is(are) endogenously expressed in HEK-293. Clofazimine also reduced PRDX1 protein in CML cells ( Figure 2M ).
Introduction of exogenous PRDX1 ameliorates clofazimine-induced generation of cellular reactive oxygen species, differentiation and apoptosis
We next asked whether clofazimine's actions were mediated by PRDX1 and thus conducted rescue experiments with exogenous PRDX1. PRDX1 overexpression in K562 cells abrogated clofazimine-induced ROS production ( Figure 3A) , caspase cleavage and BAX expression ( Figure  3B ). Clofazimine-induced K562 apoptosis and differentiation were also blocked in PRDX1-transfected cells ( Figure  3C , D and Online Supplementary Figure S6A,B) . Consistently, clofazimine failed to induce ROS and apoptosis in PRDX1transfected CML CD34 + cells ( Figure 3E -H). Given its observed protective function we investigated whether PRDX1 expression is elevated in CML cells and found that there was a trend to increased PRDX1 mRNA (albeit statistically insignificant) in CP-CML cells compared to healthy donor cells ( Figure 3I ). We also compared PRDX1 levels in LSC versus non-LSC. Both CD34 + 38 + and CD34 + 38cells expressed significantly higher levels of PRDX1 transcript than did CD34 -38 + cells (which were primarily gated monocytic cells), with the highest expression observed in the CD34 + 38 + population ( Figure 3J , Online Supplementary Figure  S6C) . These results indicate that clofazimine-mediated transcriptional repression of PRDX1 expression plays a key role in imparting clofazimine's actions.
Clofazimine-mediated suppression of PRDX1 expression is achieved through downregulation of MYB expression
Clofazimine decreased PRDX1 mRNA at 6 h ( Figure  2K ) and suppressed a PRDX1 promoter reporter ( Figure   2L ), indicating that it may regulate transcription factors that modulate the PRDX1 promoter. A literature search revealed predicted binding sites for MYB, E2F transcription factor 1 (E2F1), glucocorticoid receptor (GR), CCAAT/enhancer binding protein alpha (CEBPα), cAMP response element binding protein (CREB), activating transcription factor 4 (ATF-4) and activator protein 1 (AP-1) on the PRDX1 promoter. 30 In K562 cells, clofazimine treatment decreased MYB expression from 3 h and CREB from 12 h onwards but had only a modest or no effect on GR, E2F1, C-Jun, C-Fos and ATF-4 ( Figure  4A , Online Supplementary Figure S7 ).
Since MYB downregulation was the most proximal event observed which preceded PRDX1 downregulation and that MYB is endogenously expressed in HEK-293 cells, 31 we studied it in detail. Clofazimine reduced MYB transcripts in K562 cells from 1 h onwards ( Figure 4B ). Consistently, clofazimine suppressed a canonical MYB response element-driven reporter (3X MRE), while transfection of exogenous MYB rescued it ( Figure 4C ). We next assessed whether MYB could regulate PRDX1 promoter, and introduction of exogenous MYB did indeed activate PRDX1-luc (-1065-+83) ( Figure 4D ). Furthermore, clofazimine downregulated PRDX1-luc in vector-transfected cells, and introduction of exogenous MYB dampened it ( Figure 4D ). These results indicate that MYB regulated the PRDX1 promoter probably by directly binding to it, and clofazimine suppressed PRDX1 expression by downregulating endogenous MYB expression. We thus attempted to identify the MYBresponsive element on the PRDX1 promoter. PRDX1 promoter deletion-mapping revealed that MYB activated the -11-+83 but not the +9-+83 construct ( Figure 4E ). Analysis of the -11-+9 region revealed a sequence resembling the consensus MYB binding site "PyAACG/TG" 32, 33 in reverse and complementary orientation; "CCGTTC", at position -8--3. Mutation of this sequence in the -11-+83 promoter reporter to "CCGggC", led to complete loss of MYB-responsiveness ( Figure 4F ). To further confirm that this sequence is indeed the MYB-responsive region on the PRDX1 promoter, we constructed a reporter containing three copies of the -11-+9 sequence (PRDX-MYB-RE) and co-transfected it with MYB or empty vector and found that MYB did indeed specifically activate PRDX-MYB-RE ( Figure  4G ). Chromatin immunoprecipitation confirmed that MYB was recruited on the PRDX1 promoter and that clofazimine reduced its recruitment, and consequently reduced histone H3 acetylation (indicating reduced transcription) ( Figure 4H ). Consistently, clofazimine reduced MYB protein in CP-CML ( Figure 4I-J) , and MYB transcript in CML CD34 + cells ( Figure 4K ).
We next assessed whether the introduction of exogenous MYB could compromise clofazimine's actions and found that MYB overexpression in K562 cells did indeed mitigate the clofazimine-mediated decrease in PRDX1 expression and increase in caspase-3 cleavage, apoptosis, differentiation and ROS ( Figure 4L -O, Online Supplementary Figure S8A,B) . MYB mRNA expression in both imatinib-resistant and -responsive CP-CML cells was significantly higher than in control cells ( Figure 4P) . These results indicate that MYB binds to the PRDX1 promoter and regulates its expression and clofaziminemediated cellular functions are achieved through downregulation of MYB.
Clofazimine reduces MYB expression by rapid degradation of p65 NFκB protein
Clofazimine reduced MYB mRNA expression from 1 h in K562 cells ( Figure 4B ); we therefore investigated whether it regulates any factor that regulates MYB expression itself. A literature search revealed that NFκB transcription factors regulate MYB expression by various mechanisms. [34] [35] [36] [37] Consistent with a reported NFκB response element (NFκB-RE) in the MYB promoter situated at -278 to -256 bp upstream of the transcriptional start site, 37 tumor necrosis factor-α treatment, or p65/RELA transfection activated a MYB (-687-+204) promoter reporter 38 (Figure 5A ). Given that clofazimine downregulated PRDX1 promoter luc in HEK-293 cells ( Figure 2L ) and that p65 is endogenously expressed in HEK-293 cells, 39 we investigated whether clofazimine regulates p65 expression. Clofazimine reduced p65 protein in K562 cells within 15 min, without affecting other NFκB family members, p50, p105 and C-Rel ( Figure 5B ). Clofazimine did, however, fail to alter p65 mRNA expression ( Figure 5C ) indicating that clofazimine-mediated p65 downregulation may happen at a post-transcriptional or -translational level. Figure 5D ). We next investigated whether the clofazimine-mediated rapid decrease in p65 was due to proteasomal degradation, and found that clofazimine failed to reduce p65 in the presence of the proteasomal inhibitors MG132 and lactacystin ( Figure 5E ). p65 degradation was associated with its increased ubiquitination by clofazimine ( Figure  5F ). These results indicate that clofazimine causes p65 ubiquitination leading to its proteasomal degradation. Clofazimine also significantly decreased p65 protein in CP-CML cells ( Figure 5G ).
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978 haematologica | 2020; 105(4) We next evaluated whether the introduction of exogenous p65 could affect clofazimine's actions and found that p65 overexpression did indeed ameliorate the clofazimine-mediated decrease in MYB and PRDX1 expression, increased caspase-3 cleavage ( Figure 5H) , apoptosis, differ-entiation and ROS production in K562 cells ( Figure 5I -K, Online Supplementary Figure S9A, B) . There was a trend (albeit not statistically significant) to increased p65 mRNA in CP-CML cells compared to the level in cells from healthy donors ( Figure 5L ). Together, the results indicate 
Clofazimine functions through a direct interaction with PPARg.
Since clofazimine induced p65 ubiquitination ( Figure  5F ), we next investigated whether clofazimine modulated any of the E3 ubiquitin ligases that are reported to ubiquitinate p65. PDZ and LIM domain protein 2 (PDLIM2), inhibitor of growth family member 4 (ING4), cullin 5 (CUL5), copper metabolism domain containing 1 (COMMD1; also called MURR1) and PPARg ubiquitinate p65 and cause its proteasomal degradation. 40, 41 We thus assessed whether clofazimine acted through any of these factors. While RNAi-mediated depletion of PDLIM2, ING4, CUL5 and COMMD1 failed to affect clofazimineinduced p65 degradation ( Figure 6A ), PPARg depletion mitigated clofazimine-mediated decrease in p65, MYB and PRDX1 and increase in caspase-3 cleavage, apoptosis, differentiation and ROS ( Figure 6B -E, Online Supplementary  Figure S10A, B) indicating that clofazimine may modulate PPARg activity (it is important to note here that HEK-293 cells also express endogenous PPARg 42, 43 ).
We therefore evaluated whether clofazimine interacts with PPARg and assessed its interaction with purified PPARg protein in a cell-free, time-resolved fluorescence resonance energy transfer assay. Clofazimine successfully competed with a fluorophore-labeled PPARg agonist for binding to purified PPARg-LBD with an IC 50 of 0.1 mM ( Figure 6F ). Since PPARg is also a transcription factor, we assessed whether clofazimine also modulated its transcriptional activity in a heterologous system, in which the cells were transfected with pM-PPARg [Gal4-DNA-binding-domain (DBD) fused to PPARg-ligand-binding domain] or an empty pM vector containing Gal4-DBD, and a Gal-UAS-luc reporter containing binding sites for GAL4-DBD. Clofazimine concentration-dependently increased the GAL-UAS reporter activity in the presence of pM-PPARg but not pM alone ( Figure 6G ). To confirm clofazimine-mediated transcriptional activation of PPARg we also studied it on a direct repeat-1 (DR-1; 3-copy) PPAR response element-driven reporter (PPRE-luc) using full-length PPARg and, in this case too, clofazimine increased PPRE-Luc activity in the presence of transfected PPARg (a modest response was also seen in vector-transfected cells; due to endogenous PPARg) ( Figure 6J ). To further probe the interaction of clofazimine with PPARg, we titrated clofazimine with PPARg-LBD (the purification and characterization of PPARg-LBD are illustrated in Online Supplementary Figure S11A-D) by isothermal titration calorimetry. The titration curve of clofazimine with PPARg-LBD shows a series of endothermic reactions followed by exothermic isotherms (Figure 6H ). Stoichiometry calculated by integrating isotherms was one: i.e., one molecule of clofazimine bound to one macromolecule of PPARg-LBD. The equilibrium rate dissociation constant (K D ) value was 0.2178 nM ( Figure 6H ). PPARg also interacted with clofazimine in a surface plasmon resonance experiment ( Figure 6I ; the K D calculated by this method was 79 nM). Clofazimine did not alter the activities of pM-PPARα or pM-PPARd, indicating its specificity for PPARg ( Figure 6K ).
We next assessed whether there is any difference in PPARg mRNA expression between healthy control and CP-CML cells. A remarkably lower level of PPARg transcripts was observed in the CP-CML cells than in healthy donors' cells, with the difference being more pronounced in cells from imatinib-resistant patients ( Figure 6L ). Together, these results demonstrate that clofazimine binds to PPARg and modulates its transcriptional as well as E3 ubiquitin ligase activity and via its increased ubiquitin ligase activity PPARg induces proteasomal degradation of p65 which in turn results in sequential transcriptional downregulation of MYB and PRDX1 leading to the cellular effects of clofazimine.
Clofazimine shows superior cytotoxic activity compared to thiazolidinediones, acts in synergy with imatinib and drastically reduces quiescent CD34 + cells
The PPARg agonist pioglitazone synergizes with imatinib in eroding LSC by transcriptional downregulation but not dephosphorylation of STAT5. 1 Since clofazimine modulated PPARg transcriptional activity, we determined whether clofazimine also regulated STAT5 expression. As expected, clofazimine suppressed STAT5 protein ( Figure  7A ) and mRNA ( Figure 7C ) expression without altering its phosphorylation in K562 cells ( Figure 7B ). Consistent with the ability of PPARg agonists to suppress BCL-2 expression in CML cells 44 clofazimine decreased BCL-2 mRNA ( Figure  7C ) and protein ( Figure 1D ). Clofazimine did not alter CrkL or BCR-ABL1 phosphorylation ( Figure 7D ) indicating that it is not a BCR-ABL1 inhibitor per se. Furthermore, like pioglitazone, 1 clofazimine also reduced STAT5B and other LSC maintenance factors such as HIF-1α, HIF-2α and CITED2 transcripts in CD34 + cells from imatinibresistant patients ( Figure 7E ).
We next compared the anti-CML efficacy of clofazimine with that of other PPARg agonists. In a cell viability assay, clofazimine was found to be the most potent among all the PPARg ligands tested. While the IC 50 of clofazimine was 6.08 mM, those of rosiglitazone, troglitazone and pioglitazone were 32.28 mM, 50.01 mM, and 37.39 mM, respectively ( Figure 7F ).
Since pioglitazone and imatinib synergistically inhibit CML cells, 1 we assessed whether the same was true with clofazimine. In a K562 viability assay imatinib, dasatinib and clofazimine displayed IC 50 values of 0.95 mM, 0.64 mM and 4.13 mM respectively. However, combining 1.56 mM clofazimine, which is close to the average human plasma level of clofazimine (0.7 mg/L) following daily oral administration of 100 mg clofazimine, 6 with imatinib reduced the IC 50 of imatinib to 36.4 pM ( Figure 7G ). The combination index (CI) calculated using the Compusyn program revealed CI values <1 (Online Supplementary Table S3 ), indicating a synergistic effect. Compared to clofazimine, pioglitazone (48 h) showed a rather modest effect, which although synergistic (Online Supplementary Table S4 ), only reduced the IC 50 of imatinib from 0.399 mM (alone) to 0.052 mM (with 5 mM pioglitazone) or 0.032 mM (with 10 µM pioglitazone) ( Figure 7H ). Clofazimine also displayed synergism with dasatinib, where the IC 50 of dasatinib of 0.64 mM (alone) was reduced to 0.0124 mM in the presence of clofazimine ( Figure 7G ) and the calculated CI was <1 (Online Supplementary Table S5 ). We next assessed whether the combination of imatinib and clofazimine, like pioglitazone, 1 also eroded LSC. First, we performed a colonyforming assay in which clofazimine alone drastically reduced colony number compared to vehicle or imatinib, Figure S12 ). (L) Percentage mean apoptosis from three patients whose data are plotted (see also Online Supplementary Figure S12 ). (M, N) CFZ alone or in combination with IMT does not alter viability (M) of CD34 + cells from healthy controls or induce apoptosis in these cells (N; dot plots in Online Supplementary Figure S2D ). (M, N) Same set of data as in Figure 1K , with the addition of the CFZ+IMT group. Immunoblots are one representative of three independent experiments. Figure S2C ) (although the difference in effect of clofazimine vs. clofazimine + imatinib was not statistically insignificant, the P values for the differences in effect between vehicle vs. clofazimine and for vehicle vs. clofazimine + imatinib were P<0.01-0.001 and P<0.001, respectively). We next evaluated whether clofazimine alone or in combination with imatinib could erode quiescent LSC. To that prupose, we labeled CD34 + cells from imatinib-resistant patients (one patient in blast crisis) with carboxyfluorescein succidimidyl ester (CFSE) and treated them with the indicated drugs for 96 h. While imatinib failed to reduce CFSE bright (non-dividing) cells, clofazimine alone or in combination with imatinib drastically reduced their number and increased the CFSE dim (dividing cell) population ( Figure 7J, K, Online Supplementary Figure S12 ). Evaluation of apoptosis in these cells revealed that clofazimine alone caused apoptosis in both CFSE bright and CFSE dim cells while combining clofazimine with imatinib caused their near obliteration ( Figure 7L , Online Supplementary Figure S12 ). Clofazimine + imatinib did not affect normal CD34 + hematopoietic progenitors from healthy donors as clofazimine alone or in combination with imatinib caused <14% loss of viability ( Figure 7M ) and did not induce apoptosis in them ( Figure 7N , Online Supplementary Figure  S2D ).
Effect of clofazimine and the combination of clofazimine and imatinib in K562 xenografts
To assess the effect of clofazimine, imatinib or their combination in vivo, athymic nude (nu/nu) mice harboring K562 xenografts were orally administered vehicle (0.5% methyl cellulose), imatinib (50 mg/kg/day; roughly equivalent to a human dose of 200 mg), clofazimine (10 mg/kg/day, human equivalent dose of 50 mg) or a combination of clofazimine and imatinib (10 mg/kg/day and 50 mg/kg/day, respectively) for 12 days. Analysis of tumor volume revealed a decreasing trend in all treatment groups which although not statistically significant (except for the imatinib group in which the tumor volume was statistically significantly reduced on day 13), became so after removal of an outlier (starting tumor volume >150 mm 3 , marked as red 'O', Figure 8A ) in the clofazimine + imatinib group in which the reduction in tumor volume was statistically significant from day 9 onwards, while that in the imatinib group was statistically significant on day 13 only ( Figure 8A, B) . Analysis of tumor weight (tumor images in Figure 8C ) showed a similar pattern, with a decreasing trend in all treatment groups. However, upon removal of the outlier (marked red in Figure 8D , left panel and corresponding to the tumor shown in Figure 8A ) a statistically significant reduction was present only in the clofazimine + imatinib group ( Figure 8D ). Histological analysis of the tumors revealed well-defined vasculature and a substantial number of mitotic cells in the group treated with vehicle, which were reduced in treatment groups, especially in the clofazimine + imatinib group ( Figure 8E ). Furthermore, karyopyknosis, karyorrhexis and degenerating cells were visible in treatment groups, especially in the clofazimine + imatinib group ( Figure 8E ). Staining of tumor sections for the cellular proliferation marker Ki67 revealed a significant reduction in the clofazimine + imatinib group, compared to the groups treated with vehicle or the individual drugs ( Figure 8F, G) . Determination of apoptotic cells by TUNEL staining revealed a significant enhancement of signals in all treatment groups (Figure 8H , I). None of the animals in any of the treatment groups showed changes in body, liver or spleen weight ( Figure 8J -L). Together, these results indicate that combining clofazimine and imatinib causes a more robust anti-tumor activity than any of the drugs alone.
Discussion
Here, we identified clofazimine as an anti-CML agent that was particularly effective in cells from imatinib-resistant patients and robustly downregulated LSC including quiescent LSC. Clofazimine exerted its effect through PPARg. Recent evidence suggests that combining thiazolidinediones with tyrosine kinase inhibitors is an effective way to counter drug resistance in CML by eroding quiescent LSC that do not require BCR-ABL1 for survival. 1, 45 Thiazolidinediones inhibit quiescent cells by transcriptional downregulation of STAT5, which is highly expressed in LSC, while imatinib regulates STAT5 phosphorylation. 1 Combining both drugs thus causes stronger downregulation of STAT5 targets HIF-1α, HIF-2α and CITED2, which are critical for LSC quiescence and maintenance. 1 Here, we show that in addition to STAT5, clofazimine also regulated a novel pathway by modulating PPARg ubiquitin ligase activity, which resulted in ROSdependent apoptosis via downregulation of PRDX1. PRDX1, originally cloned from K562 cells, 46 was initially described as a tumor suppressor 47, 48 but was later identified as an oncogene in various types of cancer in which its increased expression is associated with poor clinical outcome. 49 PRDX1 mRNA was reported to be elevated in imatinib-resistant patients in whom no reduction in BCR-ABL1 was co-related with higher PRDX1 transcript. 50 We also observed a higher level of PRDX1 transcripts in cells from CP-CML patients than in those from healthy donor, although the difference was not statistically significant. A significantly higher expression of PRDX1 was also observed in both CD34 + 38and CD34 + 38 + LSC than in non-LSC, with the highest expression in CD34 + 38 + cells. Interestingly, PRDX1 is a secreted protein that enhances secretion of inflammatory cytokines by interacting with toll-like receptor 4. 52, 53 Clofazimine suppression of PRDX1 may thus explain its clinically observed anti-inflammatory functions 6 and the anti-LSC activities seen here. Although PRDX1 has been well-studied in solid tumors, its function in CML is not clear and our study suggests that a detailed exploration of its role in CML progression will be important.
A plethora of reports implicate MYB in leukemogenesis which regulates factors such as c-Kit, 54 CD34, 55 and FLT3, 56 which are highly expressed in early progenitor cells and whose aberrant expression or mutations are associated with leukemia and poor clinical outcome. [54] [55] [56] While MYB overexpression induces transformation in hematopoietic cells, 57, 58 its depletion inhibits colony growth in cells from CML patients including those in blast crisis. 59, 60 Here we found that clofazimine suppressed PRDX1 transcription by downregulating MYB expression and, for the first time, identified a specific MYB target sequence on the PRDX1 promoter.
NFκB is one of the important downstream signaling pathways of the BCR-ABL1 oncoprotein. 45, 61 Abnormal NFκB activation has been reported in CML 61 and LSC. 62 Furthermore, p65 inhibition was shown to inhibit CML cells including those harboring the multidrug-resistant T315I BCR-ABL1 mutation. 63, 64 Our results show that clofazimine decreased p65 protein by increasing the ubiquitin ligase activity of PPARg. While thiazolidinediones increase PPARg ubiquitin ligase activity at a suprapharmacological concentration of ≥100 mM, 41 clofazimine was effective at a concentration of 5 mM. Clofazimine also displayed superior cytotoxic effects than thiazolidinediones. Furthermore, combining clofazimine with imatinib reduced the IC 50 of imatinib by >4 logs whereas pioglitazone reduced it by 7-to 10-fold only. Combining imatinib with clofazimine in a K562 xenograft study caused greater reductions in tumor volume and weight than either drug alone, effects which were accompanied by substantially reduced proliferation and increased degenerative morphological changes in the group given combination therapy.
Pioglitazone is associated with cardiac and hepatic safety issues along with a significant risk of bladder cancer in users. 3 That rosiglitazone does not increase the risk of bladder cancer 3 indicates that this side effect is not associated with all PPARg agonists. Being a phenazine derivative, clofazimine belongs to a different class of molecule. Given its superior efficacy over thiazolidinediones and that long-term assumption of clofazimine is not associated with major adverse effects; we propose clinical evaluation of clofazimine in combination with tyrosine kinase inhibitors in CML.
